In general, respiration (RS) is highly correlated with nitrogen concentration (N) in plant organs, including roots, which exhibit a positive N-RS relationship. Less is known, however, about the relationship between N and RS in roots of different branch orders within an individual tree along a vertical soil profile; this is especially true in trees with contrasting life strategies, such as pioneer Scots pine (Pinus sylvestris L.) vs mid-successional sessile oak (Quercus petraea Liebl.). In the present research, the impact of root branch order, as represented by those with absorptive vs transporting ability, and soil genetic horizon on root N, RS and the N-RS relationship was examined. Mean RS and total N concentration differed significantly among root branch orders and was significantly higher in absorptive roots than in transporting roots. The soil genetic horizon differentially affected root RS in Scots pine vs sessile oak. The genetic horizon mostly affected RS in absorptive roots of Scots pine and transporting roots in sessile oak. Root N was the highest in absorptive roots and most affected by soil genetic horizon in both tree species. Root N was not correlated with soil N, although N levels were higher in roots growing in fertile soil genetic horizons. Overall, RS in different root branch orders was positively correlated with N in both species. The N-RS relationship in roots, pooled by soil genetic horizon, was significant in both species, but was only significant in sessile oak when roots were pooled by root branch order. In both tree species, a significant interaction was found between the soil genetic horizon and root branch order with root function; however, species-specific responses were found. Both root N, which was unaffected by soil N, and the positive N-RS relationship consistently observed in different genetic horizons suggest that root function prevails over environmental factors, such as soil genetic horizon.
Introduction
Root respiration (RS) is a fundamental metabolic process that plays a key role in the carbon (C) cycle at scales ranging from the individual root to the entire global C cycle. Despite the importance of RS, less is known about intraspecific variation in respiration and other root traits, i.e., root nitrogen concentration (N) within an individual tree, and their interaction with soils at a fine scale, than what is known about the interaction of those traits at higher scales of organization (Reich et al. 2008) . The RS and nitrogen in roots is related in different species, ecosystems and biomes (Ryan et al. 1996 , Pregitzer et al. 1998 , Reich et al. 1998 , Tjoelker et al. 2005 . Data are lacking, however, on the effect of diverse soil types on the N-RS relationship at a very fine scale, such as an individual tree. Understanding the relationship of fine root respiration with different soil types may improve our ability to estimate root system respiration, which can account for 60% (Hanson et al. 2000) to 90% (Thierron and Laudelout 1996) of soil respiration in forest ecosystems.
The highest density of fine roots in forest soils is found in the organic and uppermost mineral horizons (Jackson et al. 1996 , Rosling et al. 2003 , Ugawa et al. 2010 . Globally averaged root distribution data indicate that roughly 30%, 50% and 75% of roots are located in the top 10, 20 and 40 cm of the soil, respectively (Jackson et al. 1996) . Although roots are variably distributed across soil vertical profiles, very little is known about root metabolic function (e.g., respiration) and nutrient foraging and acquisition (e.g., nitrogen concentration) in soil layers that differ in resource content and texture properties. Most data have been obtained from roots collected from arbitrarily divided soil layers (e.g., Pregitzer et al. 1998 , Burton et al. 2012 , Wang et al. 2016 ). These arbitrary layers may overlap neighboring soil genetic horizons and thus do not explicitly represent distinct soil conditions. Changes in root RS and N in forests in response to local soil conditions could be a key factor in determining tree response to long-term changes in soil nitrogen concentration. Root characteristics, such as root RS and N, might be useful for predicting root turnover and concomitant carbon and nitrogen dynamics in forest ecosystems.
Root thickness (diameter), which often refers to root branch order classification, is related to root activity and function. Root order-based classification is based on root branching classification, sensu Pregitzer et al. (2002) and McCormack et al. (2015) . Based on this classification, tip-ended roots are classified as the first branch order. Respiration markedly decreases with increasing root diameter in both pooled fine and coarse roots (Marsden et al. 2008 , Makita et al. 2012 , Rewald et al. 2014 . The same relationship exists for N and both root RS and root tissue N decrease as root branch order increases (Jia et al. 2011 (Jia et al. , 2013 . First-order root traits (morphology, anatomy and chemistry) are important for root function and physiology, which vary at different soil depths (Wang et al. 2016 ). Neither Wang et al. (2016) , nor any other studies previously mentioned, have studied the effect of soil genetic horizons, which reflect various soil conditions across a soil profile, on root parameters. Thus, the research in the present study can provide information to better understand fine root acclimation/adaptation within an 'individual' tree along a soil−resource gradient (i.e., soil genetic horizon). Forests across the globe possess a vast number of different soil types and determining the factors affecting root function in different soils is important for models that predict soil carbon and nitrogen dynamics and soil-root feedback.
Root N concentration has been shown to affect root respiration in individual forest types and/or plant species (Ryan et al. 1996 , Zogg et al. 1996 , Pregitzer et al. 1998 , Reich et al. 2008 ) and across forests . Root respiration and nitrogen concentration were reported to decrease as soil N decreased from the soil surface (0-10 cm) to the next lower layer (10-20 cm) (Wang et al. 2016) . A hypothesized increase in respiration in response to NO 3 -fertilization, however, was not observed (Zogg et al. 1996) , or the response was selective (Rewald et al. 2016) . Soil density, moisture, nutrient content, temperature and the microbiota all change with soil depth and fine roots are likely to be affected by soil properties (Joslin et al. 2006) . These parameters can differ by close to 30% in roots collected from a soil depth of 40-50 cm, compared with roots collected from the uppermost 10 cm of soil (Makita et al. 2011) .
In this study, we used Scots pine (Pinus sylvestris L.) (gymnosperm) and sessile oak (Quercus petraea Liebl.) (angiosperm), tree species that exhibit diverse ecological requirements. Scots pine is light-demanding tree species (i.e., pioneer), capable of growing in soils of different moisture (dry to moist), acidity (highly acidic to alkaline), structure (sandy to loamy), organic matter content (poor to rich) and trophy (extremely oligotrophic to mezotrophic) (Zarzycki et al. 2002 , De Chantal et al. 2003 , and also tolerating drought through reducing its transpiration (Zweifel et al. 2009 ). Sessile oak is a mid-successional species (Bréda et al. 1993 ) that is shade-tolerant, preferring dry to light moist, mesotrophic, light acidic to neutral, clay with dusty deposits, mineral-humic soils (Zarzycki et al. 2002) , and also displays a strategy of tolerance to drought by maintaining transpiration (Bréda et al. 1993, Epron and . Additionally, sessile oak forms a tap root system that facilitates water and nutrient uptake from deep soil layers (Lyr and Hoffman 1967) .
As mentioned above, microorganisms associated with host plants of different life strategies might have an important role in RS level. Ectomycorrhizal root RS has been found to bẽ 50% higher for Scots pine as compared with sessile oak (Trocha et al. 2010) . Additionally, fine roots also exhibited a higher RS for gymnosperms than angiosperm tree species (George et al. 2003 , Reich et al. 2008 ; but see Burton et al. 2002) . Tree species-specific ectomycorrhizal fungal communities may contribute to the foraging strategies between Scots pine and sessile oak. Thus, ectomycorrhizal taxonomic and trait diversity may improve our understanding of the fine root N-RS relationship.
Given the evidence of a local to global positive relationship between root RS and N (Ryan et al. 1996 , Zogg et al. 1996 , Pregitzer et al. 1998 , Reich et al. 2008 , we hypothesize that a similar relationship between root branch orders and soil genetic horizons might occur. More specifically, we hypothesize that the variation in root RS between different root orders should be correlated with the variation in their N, in which the latter is also related to soil N. Thus, roots growing in soils containing limited N will have low N and RS. In contrast, roots growing within nitrogen-rich soil horizons will have high N and RS. However, regardless of the N in a given soil horizon, a pattern in N should exist where a higher N will be present in roots of lower branch orders (absorptive roots) and a lower N in roots of higher orders (transporting roots). While the relationship between N and branch order should be conserved, we hypothesize that the N-RS relationship in the fast-growing, pioneer tree species, Scots pine, will be stronger across root branch orders and soil genetic horizons, than in the slowgrowing tree species, sessile oak.
Materials and methods

Study site and soil analyses
Soil samples were collected in September 2012 and 2013 from different soil profiles in two different 90-year-old, monoculture stands of Q. petraea and P. sylvestris, located in the Zielonka Forest (52°33′N, 17°06′E), west-central Poland. One stand consisted purely of Q. petraea, while the second stand consisted of 80% P. sylvestris and 20% Q. petraea. The tree basal area of the Quercus stand was 35 and 40 m 2 ha −1 in the Pinus stand.
The undergrowth consisted mainly of Vaccinium myrtillus, Dryopteris filix-mas and Pleurozium schreberi in the Scots pine stand, and Carex digitata and Dryopteris filix-mas in the sessile oak stand. The undergrowth in the Scots pine stand was dense and completely covered the forest floor. The climate in this area of Poland is considered transitional between maritime and continental with a mean annual precipitation and temperature of 531 mm and 8.5°C, respectively (see Figure S1 available as Supplementary Data at Tree Physiology Online). In order to visually characterize the soil horizons, three soil pits,
, were dug in a distance of 1-2 m from the trees (from each pit we could sample roots from a few trees) within each tree stand. Three to five soil subsamples, totaling~0.5 kg, were collected from each horizon in each pit for the analysis. Measurements were separately conducted for each soil genetic horizon, and included analyses of soil texture and chemistry. All of the soil analyses were conducted by the Forest Management and Geodesy Agency, Poznań, Poland.
Root collection and dissection
Roots of both tree species were collected at the same time in September 2012 and September 2013. The root samples were obtained from previously dug soil pits that were enlarged at the time of sampling to expose fresh roots. Intact roots, which were comprised of several root branch orders, were carefully separated from the soil by hand and collected from individual soil horizons. Once collected, the roots were washed over sieves (pore size 1 mm) with tap water. Clean, intact root branches were dissected into individual root branch orders (up to sixth where possible) according to Pregitzer et al. (2002) and Goebel et al. (2011) , where the most distal roots were classified as the first root branch order. Although root tips and roots that were either colonized or not colonized by ectomycorrhizal fungi may differ in their physiological activity, the differential colonization of firstorder roots was not considered as it was not the focus of the current study. However, different ectomycorrhizal morphotypes were collected and analyzed separately for RS and N measurements (L.K. Trocha et al., unpublished) .
Root anatomy
Cross sections of different order roots collected in September 2013 were subjected to microscopic observations in order to characterize their anatomy and potential function. A total of 29-48 samples of each root order from the five different soil horizons were placed in a fixative solution consisting of 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer (Polysciences, Warrington, PA, USA) for 24 h at 4°C. Roots were then washed twice in a 50 mM cacodylate buffer, dehydrated in a graded series of ethanol (10-100%) and embedded in Technovit 7100 (Hereus Kultzer, Wehrheim, Germany). Specimens were cut into 5 μm thick sections using a rotary microtome (Leica RM 2265, Wetzlar, Germany) and placed on microscopic glasses. The cross-sections were stained with toluidine blue O (Sigma, St Louis, MO, USA) dissolved in a 1% tetraborate buffer to assist the anatomical observations and were analyzed with an optical microscope (Axioskop 20, Carl Zeiss, Jena, Germany). Images of roots were digitally recorded using AxioVison rel. 4.8 (Carl Zeiss) software. Roots were classified as 'absorptive' when primary root structure, such as the presence of intact cortical tissues, was observed, and as 'transporting' when secondary root structure, such as the presence of secondary xylem and expanded phellem layers, were evident (Enstone et al. 2001, Meyer and Peterson 2011) .
Root respiration, total N and C concentration
Fresh root samples, collected in September 2012 and 2013, were separated into groups based on their branch order and used to measure respiration. In most cases, up to six root orders could be distinguished, although the number of sixth-order root branch replicates was lower relative to the first five orders. Additionally, some soil genetic horizons were not represented by six root branch orders (see Results section). In the case of sessile oak, the first two orders were collected and measured together as complete separation into individual branch orders was excessively time-consuming and risked damage to roots given their short length. Respiration measurements were conducted near the study sites and fresh roots were collected several times a day so that all measurements were made within 2−3 h after roots were collected from the forest stands. The time frame between root order dissections and RS measurement did not exceed 1 h. During that time, samples were maintained in a cold buffer (see below) solution to prevent roots from drying out and adversely affecting RS measurements. Respiration measurements were obtained with an oxygen electrode system at 20°C (Oxygraph; Hansatech, King's Lynn, UK) as previously described (Trocha et al. 2010 ). Approximately 0.5 g (±0.05) of fresh root tissue (weighed just prior to measuring RS) was used for each sample measurement. Respiration measurements for each root order collected in each soil genetic horizon were taken on a range of 2-18 replicates for Scots pine roots, and 6-55 replicates for sessile oak roots. When all root branch orders within a horizon were pooled, the number of replicates measured for each horizon ranged from 70 to 199 in sessile oak and from 43 to 80 in Scots pine. The large differences in the Tree Physiology Online at http://www.treephys.oxfordjournals.org number of replicates of individual root branch orders, and the number of replicates in each horizon, resulted from the higher availability of roots in the top soil horizons. This was especially true for the number of first and second-order roots. In total, 350 respiration measurements were conducted for Scots pine and 576 for sessile oak.
Percent nitrogen and carbon were measured in 546 and 341 root samples of sessile oak and Scots pine, respectively. After the respiration measurements were completed, samples were oven-dried (65°C for 48 h), ground, and then analyzed for N and C with an elemental analyzer (Model CHNS-O 4010; Costech Instruments, Italy/USA).
The concentration of root starch, glucose, and total nonstructural carbohydrates (TNC) were determined as described previously (Trocha et al. 2010 ) using the method of Hansen and Møller (1975) and Haissig and Dickson (1979) . Roots (four branch orders) were collected in September 2014 from all of the soil genetic horizons (three pits in Scots pine and three in sessile oak stand). A total of two to four root branch order samples were used in the analyses.
Statistics
All data were log-transformed prior to analyses. Statistical differences among root orders and soil genetic horizons were calculated by analysis of variance (GLM procedures) for respiration, total nitrogen, carbon, starch, glucose and TNC concentrations and C:N ratios. The relationships between root RS and N were determined by regression analyses for roots pooled by branch order or by soil genetic horizon. Slopes and intercepts of multiple linear fits between root RS and total N were also compared among root branch orders (pooled from all soil horizons) and separately among soil genetic horizons (pooled from all root branch orders). All statistical analyses were conducted using JMP 8.0 (SAS Institute Inc., Cary, NC, USA) statistical software.
Results
Soil structure and chemistry
Soil types under both of the studied tree species were determined to be sandy acid. Five soil horizons could be distinguished in the soil profile under both tree species: organic (O); uppermost mineral (A); brunic (Bbr); illuvial (Bv); and bedrock (C) ( Table 1) . Soils in most of the horizons under both stands were acidic, particularly under the Scots pine trees, but possessed basic bedrock (outwash sands). The mineral nutrient status was the highest in the organic horizon in both tree stands and contained the highest concentration of N, C, P, K and Mg. The organic horizon had the highest level of exchange cations, absorption capacity and porosity, and had the lowest soil bulk density. In contrast, the highest base saturation was observed in the bedrock in both tree stands. All attributes were significantly different among soil genetic horizons (ANOVA P < 0.05) (analysis run for P. sylvestris and Q. petraea separately), except for pH for Q. petraea, which was not significantly different among soil genetic horizons. Attributes are mean values of three profiles for each tree species.
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In general, both the analysis of variance and multivariate clustering analysis (not shown) indicated that soil characteristics were significant variables defining soil horizons, reflecting their distinctiveness. The organic horizon was the most dissimilar to the others, while the uppermost mineral and brunic horizons, and the illuvial and bedrock horizons, tended to be similar to each other.
Root anatomy
Root anatomy of the first and the second branching order reflected a higher potential for absorptive capacity, while the anatomy of the fifth and sixth branching order reflected a transport function in both tree species (Table 2) . Scots pine roots maintained marginal absorptive capacity up to the fourth branch order, while only an average of 30% of third branch order roots were characterized by absorptive features in sessile oak. Root branch order anatomy differed among the soil genetic horizons with the greatest effect observed in intermediate branch orders.
Respiration, N, C and C:N across root orders and soil genetic horizons
Respiration rates differed significantly among the different root orders and were maximum in the lowest order roots in both Scots pine (first order) and sessile oak (first and second orders combined). Respiration declined with increasing root branch order and was the lowest in fifth-and sixth-order roots of both tree species (Figure 1a, b) . Respiration was 3.3 and 2.4 times higher in the first-order roots of Scots pine and the first + secondorder roots of sessile oak, respectively, as compared with sixthorder roots of each species. In addition, a significant effect of soil horizon on root respiration was also observed in both tree species (Figure 1a , b; Table 3 ). Notably, roots of Scots pine collected from the A and Bbr horizons had a higher mean respiration rate (20 and 18 nmol g −1 s −1 , respectively) than roots from both the Bv and C horizons (12 and 9.5 nmol g −1 s −1 , respectively). In sessile oak, however, the opposite trend was observed, with the highest RS observed in roots collected from the C and Bv horizons (10 nmol g −1 s −1 for both), and the lowest rate of RS in roots in the organic layer (7 nmol g −1 s −1 ). No significant interaction between root order and soil genetic horizon was observed on the rate of respiration in Scots pine. The respiration of Scots pine absorptive roots, however, was more variable among the soil genetic horizons than the respiration rate of transporting roots (Figure 1a) . A significant interaction was observed between RS of transporting roots and soil genetic horizon in sessile oak. In contrast, the RS of absorptive roots in sessile oak was quite similar across soil genetic horizons ( Figure 1b) . As hypothesized, N differed significantly among root orders in both tree species. The highest N was in the most absorptive roots and the lowest in the transporting root branch orders, exhibiting a range from a mean of 2% to a mean lower than 1% (Figures 1c, d and 2b, d ). We also found that the concentration of total N in absorptive roots was more affected by soil genetic horizon than it was in transporting roots (Figure 1c, d ). For example, absorptive roots (first to third branch order) had higher levels of N in the top soil horizons and lower levels in the deeper soil genetic horizons (Bv and C). In contrast, transporting roots (fourth to sixth root branch order) in both species exhibited little or no differences in N in the different soil genetic horizons.
The concentration of carbon was also significantly dependent on both root order and soil genetic horizon, and a significant interaction between both variables was also evident (Table 3) . The trend was opposite to that of N, as the highest C was observed in transporting roots, where the C ranged from 47% to Table 2 . Mean (±SE) relative abundance (%) of roots with absorptive ability in specific root branch orders in Pinus sylvestris and Quercus petraea in different soil genetic horizons (O -organic, A -uppermost mineral, Bbr -brunic, Bv -illuvial and C -bedrock). Roots samples were collected in 2013 in the Zielonka Forest, Poland. Tree Physiology Volume 37, 2017 49% in both trees (Figure 1e, f) . The lowest C was observed in first-order roots (42%) in Scots pine and first-+ second-order roots (43%) in sessile oak. Similar to total N, C in absorptive roots was also more affected by soil genetic horizon than transporting roots. Roots collected from the upper horizons (O, A) also had higher C (48-49%) than roots collected from the lower horizons (42-46%) (Figure 1e , f; see Figure S2 available as Supplementary Data at Tree Physiology Online).
The C:N ratio differed between root branch orders, as well as between soil genetic horizons in both tree species. A significant interaction between those two variables was also observed in sessile oak (Table 3 ). Similar to root C, a higher C:N was observed in transporting root branch orders than in absorptive root branch orders (Figure 1g, h ). Roots growing in bedrock (C) and illuvial (Bv) horizons also tended to have a C:N ratio that was higher than roots growing in the organic (O) and uppermost Table 3 . ANOVA effects (F-values) for respiration (nmol O 2 g −1 s −1 ), the concentration of total N (%) and total C (%), and the C:N ratio in different root branch orders of Pinus sylvestris and Quercus petraea sampled from different soil genetic horizons (O, A, Bbr, Bv and C). Roots were collected in the Zielonka Forest, Poland. 9.6*** 72*** 5.6*** C:N 14*** 307*** 2.5** 1 Sixth root order was excluded for P. sylvestris as it was not found in the C horizon. 2 First and second root orders collected and analyzed together for Q. petraea. P-values indicated as: ***P < 0.001, **0.01 > P ≥ 0.001; n.s. not significant. Root N did not exhibit a linear relationship with the concentration of soil N, as root N was higher than soil N in nearly all root branch orders in all of the soil genetic horizons (Figure 2b, d) . Only transporting roots growing in organic horizons had lower root N than soil N.
Overall, in both tree species, root N and C (means of all root branch orders) tended to be higher in organic (O) and uppermost mineral (A) soil genetic horizons having higher mineral status and looser soil texture (see Figure S2 available as Supplementary Data at Tree Physiology Online). The root C:N ratio increased along the pH gradient and base saturation. For example, the C:N ratio was higher in bedrock (C) and illuvial (Bv) horizons. Root RS increased with increasing soil nutrient status in Scots pine, but the mean root RS in sessile oak tended follow the opposite pattern.
Starch, glucose and TNC
In both Scots pine and sessile oak, the concentrations of starch, glucose and TNC differed among root branch orders and among soil genetic horizons, with the exception being for starch in Scots pine, which did not vary significantly between root branch orders (Table 4 ). All carbohydrates concents increased with increasing root branch orders in both tree species. The impact of soil genetic horizons on carbohydrate levels, however, was different in the two species. Starch, glucose and TNC levels in Scots pine were highest in roots collected from the organic horizon, and significantly lower in the other horizons. In sessile oak roots, however, the response was more diverse. Specifically, starch was highest in the bedrock horizon, glucose was highest in the upper horizons (O, A and Bbr) and TNC was highest in the Bbr horizon. In summary, not all of the root variables in Scots pine exhibited a significant interaction between root branch order and soil genetic horizon. In sessile oak, however, a significant interaction between root branch order and soil horizon was observed for all of the root variables, but higher levels of carbohydrates were observed in higher root orders irrespective of the soil genetic horizon.
Root RS in relation to total N concentration
A significant positive correlation between root RS and root N was found in both Scots pine and sessile oak (Figure 3a and b, respectively; Table 5 ). The positive correlation in N-RS was observed in roots pooled by root branch order and by soil genetic horizon (Table 5 ). The R 2 of the linear N-RS relationship varied among root branch orders from 2% to 28% in Scots pine and from 6% to 29% in sessile oak, and with minor exceptions reflected the functional role of the root branch order (i.e., absorptive roots had a higher R 2 than transporting roots). The N-RS relationship within soil genetic horizon was strongly positive, where the variation in root RS could be explained by N, accounting for 13-55% of the observed variation in Scots pine and 14-44% of the variation in sessile oak, which was the strongest N-RS regression observed. The slopes of the N-RS relationship also indicated a significant impact of soil genetic horizon in both species and a strong impact of root branch order in sessile oak, while no significant impact was observed of root branch order in Scots pine (Table 5 ). Overall, respiration in different root branch orders was highly correlated with the concentration of total N in roots and increased in root branch orders with higher absorptive potential (Figure 3) . The N-RS relationship was most affected by root function (absorptive vs transporting) and to a lesser extent by soil conditions (Table 5) .
Discussion
Root RS and total N exhibited a similar decline with increasing root branch order in Scots pine and sessile oak. This trend reflected a lower absorption ability in the higher root branch orders, and was largely independent of whether roots were collected from nutrient-rich or nutrient-poor soil genetic horizons. Even though the indicated relationship between RS and total N with root branch order has been widely reported and accepted (Gordon and Jackson 2000 , Desrochers et al. 2002 , Marsden et al. 2008 , Chen et al. 2010 , Jia et al. 2011 , Makita et al. 2012 , the observation that the relationship is independent of soil genetic horizon is quite intriguing and sheds new light on Table 5 . Regression analysis of respiration as a function of N concentration in fine roots of Pinus sylvestris and Quercus petraea ungrouped, grouped by root branch order and by soil genetic horizon; the effect of root branch order and soil genetic horizon on the intercepts and slopes of regression analysis are given: the relationship of root respiration to total N concentration was fitted using Type I regression Log (RS) = a + b × Log (N) for two data sets: root branch order and soil genetic horizon. the relationship between root physiological responses and the soil conditions they grow in, as well as the mechanisms underlying root function. To estimate RS across root branch orders of Scots pine and sessile oak, we utilized a Hansatech oxygen electrode system. This approach has been widely used for comparative studies with different types of biological tissues (e.g., Pregitzer et al. 1998 , Trocha et al. 2010 , Jia et al. 2011 , because in contrast to other systems, it only requires small samples for measurement under standard isothermal conditions. Regarding our root functional approaches, this system enabled respiration analysis on roots separated into individual branch orders, as it was possible to obtain sufficient weight/mass of individual root orders for the measurement of respiration. Although wounding, which resulted from a large number of excisions during the separation of root orders, displayed negative consequences and might be considered as an artifact of this type of system by enhancing respiration (Makita et al. 2013) , our previous research on fungal sporocarps indicated that RS estimates were not appreciably influenced by wounding (Trocha et al. 2016) . However, as noted by Makita and coauthors (2013) , care should be taken when using unevenly excised root branch orders.
Soil conditions significantly affect root chemistry and physiology, and in regards to soil conditions, there is a general decrease in N and RS at deeper soil depths (Pregitzer et al. 1998) or in soils with low fertility (Makita et al. 2015 ). In the current study, this relationship was demonstrated in greater detail, revealing that total N in roots did not correspond with total N in soils. In fact, root N in the A and Bbr horizons was similar to the high levels observed in the organic horizon and significantly higher than N of roots collected in the Bv and C horizons, despite the fact that soil N in the A and Bbr horizons was similar to the low levels found in the Bv and C horizons (Figure 2b, d ). These findings provide new insight on the ability of roots to adjust to locally nitrogen-impoverished soils (Craine and Lee 2003) , absorbing as much nitrogen as needed to either maintain their basic requirements and/or supply nitrogen to the whole tree. Even though soil N may be limited, roots can forage for nutrients in nutrient-rich patches, such as areas of decomposing roots, by extensive growth and root proliferation , promoting high ectomycorrhizal fungi trait diversity (Pena et al. 2017) and by higher allocation to the production of absorptive roots (Zadworny et al. 2016) . In the present study, it is possible that ectomycorrhizal fungal communities across soil genetic horizons could also have contributed to the observed results, although this aspect was not distinctively measured.
Several studies have reported higher root RS and N in sites where experimental plots were intentionally fertilized (Ryan et al. 1996) or had a higher natural fertility (Makita et al. 2015) . Some studies have also reported that excess nitrogen in roots was stored in metabolically inactive proteins (storage proteins); thus a lower N-RS relationship was observed in these roots (Burton et al. 2012 , Ceccon et al. 2016 . The studies of both Burton et al. (2012) and Ceccon et al. (2016) , however, described a scenario where roots were grown in soils that were artificially nitrogen-saturated, differing from our study, which was conducted under natural forest conditions. As observed in our study, the functional activity of absorptive roots can vary considerably in soils with different levels of N (Adams et al. 2013) . Therefore, our results may represent a different strategy where Scots pine and sessile oak roots adapt to the N levels present in the soils of different genetic horizons. Whether or not roots growing in nutrient-poor soil genetic horizons uptake only as much nitrogen as they need or divert a portion of their nitrogen to other parts of the tree is not known.
Compacted soil texture has a negative effect on the ability of roots to distribute themselves horizontally within a genetic horizon and vertically into deeper soil, and thus plays a role in water stress in trees (Nambiar and Sands 1992) . When possible, however, roots readily grow into deeper soil layers, such as 'weaker zones' that are comprised of decomposing roots or via cracks in the soil. The proliferation of roots allows them to supply the aboveground portions of the tree with water and nutrients, even though the amount of fine root biomass in deeper (up to 2 m) soil horizons (Nambiar and Sands 1992) or nutrientimpoverished patches (Ostonen et al. 2007 (Ostonen et al. , 2011 is usually considered to be relatively low. The current study demonstrated that absorptive roots had higher N regardless of which soil horizon they occupied, suggesting that those roots adapted to the nutrient conditions in the different soil horizons in order to fulfill their functional role. Root N decreased and the percentage of roots with transporting ability increased in the lower soil genetic horizons. The functional pattern along root branch orders, however, remained unaffected, rendering absorptive roots more sensitive to soil conditions than transporting roots. Nutrient-specific uptake at different soil depths (da Silva et al. 2011) , and the importance of subsoil nutrient pools in tree function, have been previously demonstrated (Buxbaum et al. 2005) . Roots growing at shallow soil depths can take up more nutrients due to specific nutrient acquisition strategies (Ugawa et al. 2010 ) and the higher concentration of nutrients present in the soil (Brassard et al. 2009 ). The soil depth to which various rooting strategies persist, and consequently nutrient acquisition, differs among tree species. Regarding the present study, sessile oak roots were generally more abundant than Scots pine roots in the deeper soil horizons (L.K. Trocha, unpublished data) . Despite the role of other contributing factors, it has been suggested that fine roots in the top soil layers are more involved in nutrient uptake than fine roots growing in deeper layers (da Silva et al. 2011) . No clear evidence has been provided, however, to document this statement.
Previous reports indicate that the majority of the fine (≤2 mm) root biomass is located in the top soil (Jackson et al. 1996; Zhou and Shangguan 2007; Ugawa et al. 2010) . Root N and RS have been shown to decrease in relation to soil depth (Pregitzer et al. 1998 , Ugawa et al. 2010 ) and root diameter (Pregitzer et al. 1998 , Jia et al. 2013 . At deeper soil layers, lower fine root biomass correlated with lower RS and N, as well as higher fine root biomass, representing higher RS and N at shallow depths. These findings may enable us to better estimate the fine root contribution in soil carbon and nitrogen budgets. For example, higher fine root biomass (Jackson et al. 1996 , Ugawa et al. 2010 , Makita et al. 2011 ), higher mean root RS (Figure 1a, b) and a higher contribution of absorptive roots (Makita et al. 2011 ) near the surface suggests that nutrient acquisition is greater at shallow depths than at deeper layers (Hendrick and Pregitzer 1996; Ugawa et al. 2010 , da Silva et al. 2011 , Makita et al. 2011 . Additionally, very fine roots exhibit a greater adaptation ability to soil conditions for nutrient and water uptake (Makita et al. 2011 ). In comparison with absorptive roots, higher root orders decompose faster than absorptive roots (Fan and Guo 2010 , Goebel et al. 2011 , Xiong et al. 2013 , which may also contribute strongly to soil carbon and nitrogen dynamics in a given soil layer. However, future studies are warranted to better enable an evaluation to determine the real contribution of root branch orders in nutrient acquisition and nitrogen and carbon release in relation to diverse soil horizons.
Similar to root N, root C, and the C:N ratio, were also strongly impacted by root branch order and root function, with values growing with increasing branch order. These findings are in good accordance with our data on sugars, which were also higher in transporting roots relative to absorptive roots, and the low N observed in transporting roots. Overall, the higher C:N in roots growing in the bedrock horizon (high soil pH and base saturation, low nutrient concentration) suggests that a higher storage capacity exists in those roots (mostly in transporting roots) than in roots growing in nutrient-rich soil horizons. Lower carbon allocation to roots may change the percentage of roots with absorptive vs transporting function (Hishi et al. 2017) , limiting absorptive function to the first root order. Although specific root branch order length/biomass across soil genetic horizons was not measured, we found that absorptive roots had a higher ratio, within a given root branch order, across soil genetic horizons (Table 2) in Scots pine but not in sessile oak. It is plausible that this could allow a better exploitation of soil nutrients by Scots pine. This premise is also in accordance with the overall higher root N and RS pattern observed in Scots pine roots, while roots of sessile oak display more scattered/unpredictable responses to soil genetic horizons.
Total tissue N is a good predictor of RS in roots (Ryan et al. 1996 , Desrochers et al. 2002 , Burton et al. 2012 , Makita et al. 2015 , Ceccon et al. 2016 , including ectomycorrhizal tips colonized by different ectomycorrhizal fungi species (Trocha et al. 2010) . The most absorptive roots in our study differed in their RS, N and C in relation to the soil genetic horizon. This finding could also have been affected by ectomycorrhizal fungi, which differed between the two tree species and among soil genetic horizons within a particular tree species (see Figure S3 available as Supplementary Data at Tree Physiology Online). Nitrogen may reach as much as 9% of the fungal dry mass (Trocha et al. 2016 ) and up to 2.5% in the ectomycorrhizal root tip (Trocha et al. 2010) . The levels (mass) of fungal tissue vary significantly among ectomycorrhizal root tips (Saravesi et al. 2008 ) and ectomycorrhizal fungal species, which form thick mantles, may display up to four-times higher RS rates and up to two-times higher N than ectomycorrhizae of a thin mantle (Trocha et al. 2010) . The absorptive root-soil genetic horizon interaction observed in both tree species may have been influenced by a co-variable; specifically, the type of ectomycorrhizal fungi occupying roots in the different soil genetic horizons.
The overall functioning of the whole root system is highly dependent on ectomycorrhizal fungi species and their absorptive capacity for nitrogen and requirements for carbon and nitrogen. Similar to our previous results (Trocha et al. 2010 ), the present study indicated that the overall N-RS responses were stronger in Scots pine than in sessile oak. However, the relationships are much weaker than those found in our previous study: R 2 = 0.29 for Scots pine and R 2 = 0.22 for sessile oak (analysis including first branch order roots in Scots pine and first + second branch roots in sessile oak, pooled from all soil genetic horizons; not shown). Global N-RS models indicate that respiration rates at a similar N is higher in Scots pine than in sessile oak roots . These data indicate that, along with other factors such as growth rate or tissue type, host species may affect the N-RS relationship in other ways that are not entirely understood at this time. Since pioneer trees have higher metabolic rates and N according to the 'metabolic scaling' paradigm (Reich et al. 2008 ), a possible influence on the N-RS relationship is partially related to diverse ecological requirements of Scots pine and sessile oak. Additionally, as previously mentioned, the relatively higher ratio of roots with absorptive ability across soil genetic horizons in Scots pine, as compared with sessile oak, could promote a better nutrient supply in Scots pine roots. A positive correlation between root RS and root total N across root orders and soil genetic horizons was observed. The concentration of root N, however, could only explain between 2% and 28% of the variability in root RS in Scots pine and between 6% and 29% in sessile oak. The observed regression was much weaker than the regressions reported for fine roots by other authors , 2012 , Jia et al. 2011 , despite the fact that the mean values for root RS and N were similar to previously published data (Jia et al. 2011 , Burton et al. 2012 ) and the utilized techniques were very similar (i.e., based on excised roots). When the N-RS relationship was analyzed for roots pooled by each soil genetic horizon, the relationship remained positive and revealed a much stronger regression (R 2 was between 2% and 55% for Scots pine and 14-44% for
Tree Physiology Online at http://www.treephys.oxfordjournals.org sessile oak). This observation was in accordance with our hypothesis that root branch order has a greater impact than environmental parameters (soil genetic horizon) in determining the relationship between root total N and RS.
In the present study, the N-RS relationships observed in roots differed between the two tree species in relation to the impact of the soil genetic horizon. Roots from the uppermost mineral horizon had the highest RS and N in Scots pine. For sessile oak roots, the highest RS rates were observed in the illuvial (Bv) and bedrock (C) horizons, and the highest N was found in the organic horizon. The results obtained for C in roots were similar in both of the examined tree species. Higher C values were observed in roots in the near-surface horizons (O and A) and lower C values were present in roots growing in deeper soil layers. The differences in the concentration of total N in roots of both tree species growing in different soil genetic horizons may have resulted from variations in the community structure of ectomycorrhizal fungi colonizing roots in the different soil genetic horizons (see Figure S3 available as Supplementary Data at Tree Physiology Online), and the ability of different root systems to forage for water and nutrients (Schenk and Jackson 2005) . We also suggest that the species composition of the tree understory could also affect the results. The organic horizon in the Scots pine stand was covered by a dense mat of forest floor plants (see Materials and methods section), while the forest floor was almost bare in the sessile oak stand, with the organic horizon being limited to small patches. This would make sessile oak roots growing in the O-horizon prone to the effect of variable weather conditions. The present study revealed the relationship between root RS and N along vertical soil profiles. Although a root-soil feedback clearly occurs, the response to soil traits, such as chemistry and texture, is unclear and did not completely explain the correlation between N and RS. Root N did not reflect soil N within a soil genetic horizon. Although an impact of soil genetic horizon on root RS and N concentration was observed, the impact differed between the two tree species. Overall, the study clearly demonstrated that root branch orders with different functions (absorptive vs transporting) have a significant impact on determining the relationship between N and RS.
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